A modified test of postextrasystolic potentiation achieved with a brief episode of rapid pacing followed by a 6-second pause (RPP maneuver) was used to evoke maximal force in isolated intact ferret right ventricular papillary muscles. Maximal RPP tensions were examined under length-clamped conditions and compared with the steady-state forces obtained when further increases in [Ca 2+ ] 0 , did not further increase force and to the tensions recorded at the point of saturation of force when similarly length-clamped muscles were subjected to caffeine-induced tetanization. The results show that the calculated maximal twitch tension achieved with RPP is comparable to the 25-35 g/nun 2 observed in intact single skeletal muscle fibers. The study also shows that the beat-to-beat decay of the potentiated contraction is exponential. While the amount of the constant fractional beat-to-beat decay is a function of [Ca^L, it is not influenced by length. During the decay of potentiation, the ratio of the potentiation of any beat divided by that of the previous beat is a constant, called (x). With certain assumptions, it is shown that (x) is a measure of the fraction of activator calcium taken up by the sarcoplasmic reticulum in each beat and, in the steady state, the fraction of activator calcium that comes from the sarcoplasmic reticulum. The (x) amounted to 33%, 50%, and 65% when [Ca 2+ ], was 1.25, 2.50, and 5.0 mM, respectively. Thus, at 1.25 mM [Ca 2+ ]., some two thirds of the total calcium required to activate the myofilaments comes from the extracellular compartment during excitation and only one third is contributed via release from the sarcoplasmic reticulum. In the region of optimal myofilament overlap, RPP force-length curves are remarkably shallow and almost indistinguishable from the sarcomere length-tension relation observed in skinned single cardiac cells. Tetanus plateau tensions are significantly smaller than RPP forces at any length, and the slope of the tetanus force-length curves is greater than that obtained with RPP. Thus, and by exclusion, we also suggest that caffeine may exert significant downstream inhibitory effects. (Circulation Research 1988;62:65-74) C ytosolic free calcium concentration, [Ca 2+ ],, modulates the contraction and relaxation of myocardial myofibrils, and the resting [Ca 2 *], of 0.05-0.5 /xM will increase by one or two orders of magnitude when the cells are electrically or chemically stimulated. 1 To examine the relation between [Ca 2+ ]; and force, steady-state levels of calcium activation of contractile proteins must be achieved. Since in the normally beating heart the duration of the contractionrelaxation cycle is too brief to allow such steady state to develop, 2 various investigators 5 "" resorted to studies of the pCa-force relation in hyperpermeable 3 "* or mechanically 9 "" skinned cardiac muscle fibers. More recently, rapid repetitive stimulation (tetanization) of ryanodine-pretreated but otherwise intact papillary muscles 1213 was successfully used to achieve both steady contractile activations and maximal calciumactivated force. 1213
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The results show that the calculated maximal twitch tension that can be achieved in an intact length-clamped papillary muscle with a modified postextrasystolic potentiation is comparable to the peak tensions of 25-35 g/mm 2 observed in intact single skeletal muscle fibers. l413 These forces, also observed by others, 16 "" are considerably larger than the maximal calcium-activated forces observed in either mechanically skinned cardiac fibers 6 or pharmacologically pretreated intact muscle during tetanization.' 213 The study also shows that the beat-to-beat decay of the force after the potentiated contraction is exponential and that the amount of the constant fraction of beat-to-beat decay is a function of [Ca 2+ ] 0 .
Materials and Methods
Right ventricular papillary muscles (cross-sectional area<0.6 mm 2 ) were isolated from the heart of 16-22- week-old ferrets anesthetized with sodium pentobarbital (30 mg/kg i.p.). The entire heart was rapidly removed and placed in a beaker of Krebs-Ringer's bicarbonate solution bubbled at 37° C with a 95% O 2 -5% CO 2 gas mixture. The bathing solution contained (in mmol/1) Na + 145, K + 4.2, Ca 2+ 1.25, Mg 2+ 1.2, C r 125, SO 4 2 -1.2, HjPQr 2.4, HCO 3 " 25, and glucose 5.6. The same continuously oxygenated and stirred solution was also used for isolated muscle superfusion. After equilibration, the solution had an oxygen tension (Poj) of 550 mm Hg or greater and a pH of 7.40±0.02. All studies were conducted at 25°C
. The temperature was maintained constant (± 0.1 ° C) through a feedback-controlled Peltier junction.
Each preparation used was quiescent unless stimulated (field stimulation) 12 times per minute by square-wave pulses delivered to platinum-plate electrodes from a Grass stimulator. Stimulus duration was 5 msec, and the voltages selected were 10% above threshold.
Myograph
We used a myograph that permits evaluation of contractile performance in a segment (called central segment for convenience) of muscle that is free from damage." Details concerning this myograph have been published previously." Briefly, the muscle is attached and mounted between a force transducer and a linear motor by small aluminum tubes crimped onto each end. The tension transducer is in a feed-back circuit with a motor that measures positional changes and, hence, changes in muscle length. Total muscle length is measured with a vernier, and the obtained value is then entered into the computer as the absolute muscle length. The central segment of the muscle is marked with 2 small (100-/xm diameter) stainless steel pins stuck through the tissue. The distance between these pins represents the length of the central segment of the muscle and is optically measured through photosensor arrays. Force, muscle length, and segment length are monitored by a computer that continuously samples and stores 250 times per second. The data are transmitted to a DEC-LSI-11 computer and stored on diskettes. Before analysis, the recorded waveforms are passed through a 21-point digital low-pass filter with a flat frequency response curve of up to 20 Hz. The filter has a negligible effect on the primary signals, but it substantially reduces the amplitude of high frequency noise on the time derivatives. The times to peak in the signals and their derivatives are not changed by the filter. All graphic recordings are made on a digital X-Y recorder using the filtered data.
The insertion of the stainless steel pins does not affect the performance of the muscle." Rotation of the pins relative to the long axis of the muscle is minimized by avoiding twisting the muscle about its long axis as it is mounted. Small rotations of less than 10° would generate an error in the segment length signal of less that 1.5%. In the few muscles with larger angles of rotation as estimated visually, the pins are readjusted. Cross-sectional area was calculated as total muscle weight divided by the length at L,,^ (the length of the muscle where developed force was maximum). Forces are expressed in grams per square millimeter. Muscle length is reported in units of percent of L,,^. The length of the central segment was held constant during each contraction by a servo-controlled motor. All lengths refer to the length of the central segment rather than the whole muscle.
Pharmacologic Interventions
To avoid the variable effects of field stimulationinduced releases of catecholamine and acetylcholine, each preparation was exposed to atropine sulfate (1 /Lig/ml) and propranolol hydrochloride (1 Aig/ml) for the entire duration of the experiment. This level of muscarinic blockade completely eliminates the direct negative inotropic action of 10 (xg/ml acetylcholine, 20 while the beta-blockade achieved with this amount of propranolol causes a >95% reduction of the maximal positive inotropic effect, evoked by 0.32 ng/ml of isoproterenol. 21 To increase [Ca 2+ ] 0 in excess of 7 mM without fear of calcium phosphate and/or calcium carbonate precipitations, HEPES was used to buffer the superfusate. For these experiments, the control superfusate contained (in mmol/1) Na + 132, K 3.6, Ca 2+ 1.25, Mg 2+ 1.25, Cl-136, HEPES 10, and glucose 5.6 and was equilibrated with 100% O 2 .
Tetanization of Papillary Muscles and Paired Pacing
To achieve tetanization, 5 mM caffeine was added to the superfusate containing 2.5-10 mM calcium. Tetani were produced by rapid repetitive stimulation at approximately 10-15 Hz with stimulus durations of 25-40 msec for periods of 1.5-2.0 seconds. 22 ' 23 Repeated episodes of tetanization achieved with caffeine were first examined in 4 pilot studies in which the muscles were length-clamped at 0.900 and 0.990 L^. When separated by intervals of 60 or more seconds during which each muscle was paced 12 times per minute, at least 5 virtually indistinguishable episodes of tetany could readily be elicited at each length. Each muscle was then kept at L mx , and trains of tetani were examined at 2.5, 5, and 8 mM [Ca 2+ ] 0 . While the amplitude of the tetanic plateau force increased significantly (p<0.05) in each of the four muscles when [Ca 2+ ] 0 was raised from 2.5 to 5 mM, there were no further significant increases in force when [Ca 2+ ] 0 was further increased from 5 to 8 mM.
Episodes of paired pacing began with an extrastimulus (stimulus parameters as above) placed at half relaxation time of a control steady-state beat. Identical extrastimuli were then applied, also at half relaxation, to each of the ensuing 18-20 beats. New steady-state force was always achieved within 15 beats.
Modified Postextrasystolic Potentiation
To evoke potentiated contractions (PC), a computercontrolled automated routine was used. The maneuver consists of a series of rapid stimuli beginning at half relaxation time of the control steady-state beat, followed by a pause (Figure 1 ). The pause is terminated by the potentiated beat. In addition to the interval between the stimulus of the preceding beat and the onset of rapid repetitive stimulation at half relaxation, we selected 10 stimuli (5-msec stimulus duration) delivered at a frequency of 10-15 Hz followed by a pause of 6 seconds. The actual execution of this modified postextrasystolic potentiation using the preset parameters requires a single keyboard command. Reference control beats (usually two), the potentiated contraction, and at least 10 consecutive beats fol lowing the PC were routinely recorded and stored by the computer for subsequent analysis.
Statistics
The results are expressed as means ±SD. The repeated measures analysis of variance, section P2V, Biomedical Data Package (BMDP), was used for com-67 puting p values. 24 Throughout each repeated measures analysis of variance, we chose a conservative estimate of p, as reflected by the Geisser-Greenhouse value. 23 
Results

Paired Pacing Versus Modified Postextrasystolic Potentiation
Twitch tensions evoked by maximally effective paired pacing (PP) were compared with the potentiated contractions achieved with the rapid pace pause (RPP) maneuver. Each muscle (n = 5) was studied at two central segment lengths (0.900 and0.984% of L J and exposed to three increasing [Ca 2+ ] 0 ( Table 1) . At low length and 1.25 mM Ca, the control force averaged 2.34 ± 0.52 g/mm 2 . PP and RPP increased the force by 179% and 216%, respectively, above control. At 2.5 mM Ca, these increments were 98% and 102%, and at 5.0 mM Ca, the respective potentiations were 44% and 48% above control. At 0.984% of 1^ and 1.25 mM Ca, the control force averaged 3.94 ± 1.18 g/mm 2 . PP and RPP increased the force by 128% and 130%, respectively, above control. With exposure to 2.5 mM Ca, PP and RPP increased twitch tension by 64% and 70%, respectively, and at 5.0 mM Ca, the increments of force still averaged 31% and 33%, respectively. Except for one paired comparison between PP and RPP evoked potentiations (see low length and 1.25 mM Ca, Table 1 , there were no significant differences between PP and RPP beats at any length or [ C a ] o .
On instituting paired pacing, the magnitude of the potentiated contractions first typically increases over some 4-8 beats before reaching a peak and then stabilizes some 6-12 beats after onset of PP at a level slightly lower than peak. In contrast, the RPP elicited maximal potentiation is always achieved with the first beat after the pause, and it can easily be repeated with less than 5% variability. Thus, twitch potentiation evoked with RPP is a convenient and ideally suited intervention whenever a reliable, immediate, and rapidly reversible potentiation of contractile performance is desired.
Maximal Twitch Tension
Using bicarbonate-phosphate buffer. In four other length-clamped muscles (0.989 L^) , [Ca 2+ ] 0 was increased from 1.25 to 7.0 mM. Increases in [Ca 2+ ] 0 increased the steady-state control force from 3.68± 0.11 g/mm 2 at 1.25 mM Ca to 9.61 ±0.30 g/mm 2 at 7 mM Ca. RPP force, which amounted to 10.66 ±0.50 g/mm 2 at 1.25 mM Ca, increased to 12.04 ±0.36 g/mm 2 at 5.0 mM Ca and did not further increase, being 12.04±0.32 g/mm 2 at 7.0 mM Ca. Thus, maximal evoked tension in response to the RPP maneuver reached a plateau when, at L mM , the extracellular calcium concentration was equal to or exceeded 5.0 mM. In contrast, the steady-state forces increased almost 300% above control when calcium was raised from 1.25 to 7.0 mM and were still increasing significantly (p<0.05) from 8.46±0.15 to 9.61 ± 0.30 g/mm when calcium was increased from 5.0 to 7.0 mM.
Using HEPES buffer. Four other muscles were initially equilibrated for 60 minutes in the standard bicarbonate-phosphate containing Krebs-Ringer's superfusate before being exposed to the superfusate containing HEPES. Steady-state forces and RPP evoked potentiated contractions were recorded at [Ca 2+ ] o of 1. 25, 5, 8, 11, 14 , and 17 mM. Figure 2 is a characteristic example of such an experiment showing that the maximal potentiated contraction evoked by RPP is obtained, as in bicarbonate-phosphate buffer, at 5 mM Ca and that peak steady-state forces are achieved at 14 mM [Ca 2+ ] 0 . RPP beats elicited at 11 mM [Ca 2+ ] 0 or more were always of a significantly lesser magnitude (/?<0.05) than the beats observed when the RPP was examined at 5 mM Ca. We interpret this decline in RPP force as resulting from calcium overload. As shown in Figure 2 , steady-state forces continuously increased with increasing [ C a ] o until they reached a plateau between 11 and 14 mM [ C a ] 0 . These plateau forces regularly achieved 10-11 g/mm, but in every muscle they remained some 10% below the maximum RPP force elicited in each respective muscle. , return to steady-state cont rol force required 2-3 beats, while 6-10 beats were nee return to control at 5.0 mM [Ca 2+ ] o (n = 8). The n of beats rather than time is the critical determin this decay. Thus, whether paced at 12-24 beats/ any other rate between 6 and 30 beats/min, it ta any of the [Ca 2+ ] 0 studied, the same number o for the potentiated contraction to return to contr fractional decay of each beat was then further acterized by plotting on semilogarithmic pap difference between the potentiated force and the c force versus the number of the beat (Figu Irrespective of the [ C a ] 0 , each of these plots a imates a straight line indicating that the decay o potentiated contractions is exponential. The low [ C a ] 0 , however, the steeper the slope. Thus possible to directly determine from these grap rate constant, K, which is the number of required for the potentiated contraction to decay or =<37% of its maximum amount of poten ( Figure 6 ). Of further interest is the observationt changes in length (n = 5) from 0.90 to 0.98 had no on the exponential decay of the potentiated co tions at any of the [ C a ] 0 studied ( Figure 6 ).
Effect of length on amplitude of tetanic plateau
The effect of length on the amplitude of the plateau force was studied in detail in 12 muscl mM [Ca 2+ ] o . As shown in Table 2 , increments in from 0.907 to 0.986 were associated with a increase in force despite the fact that at L,,^, inc in [Ca 2+ ] 0 beyond 5 mM did not further increa amplitude of the tetanic plateau. Figure 7 illustration of such an experiment. Effect of length on maximum twitch tension evoked with RPP maneuver. The results of this study are summarized in Table 2 . In 7 muscles exposed to 5 mM Ca, twitch tension elicited with the RPP maneuver steadily increased by some 14% when length was incremented from 0.900 to 0.986 L^, although at L^, an increase in [Ca 2+ ] o from 5.0 to 8.0 mM had no further effect on peak force. At any comparable length, however, the maximum tetanic plateau forces were always considerably smaller than the maximum twitch tensions evoked with the RPP maneuver, the difference being about 34% at the lower length and 21% at 0.986 Figure 8 , there is a pronounced effect of the level of activation on the normalized segment-controlled force-length curves. Since the number of cross bridges available for attachment is considered to be constant between 0.90 L, BM and Lna,, we decided to compare only those relations in this region of lengths. In the tetanized caffeine-pretreated muscles at 5.0 mM [Ca 2+ ] o , the normalized increase in force is still 26% with a slope of 3.1 (r = 0.95). In contrast, the effect of length on the RPP-potentiated contraction at 5.0 mM [Ca 2+ ] 0 showed a 12% increase in force with a slope of 1.6 (r = 0.99), which is significantly less (/?<0.05) than the increase in slope of the tetanic forces. Further increases in [Ca 2+ ] 0 , even up to 10 mM, did not further flatten the slope of the RPP length-tension curve. In 5 of these muscles, a force-length curve with RPP was initially obtained at 5 mM [Ca 2+ ] o . Three successive forcelength relations were then obtained with tetanus at 5, 8, and 10 mM [Ca 2+ ] 0 , respectively. There were no significant differences (p<0.05) in the magnitude of the tetanus forces whether studied at 5, 8, or 10 mM [Ca 2+ ] 0 at any lengths. At all lengths, tetanus forces were significantly (p<0.05) smaller than the RPP forces elicited at the same lengths, and each normalized slope of the tetanus force-length curve was significantly steeper (/?<0.05) than the corresponding individual RPP length-force relation obtained in the same muscle. 
Beat-Dependent Decay of Potentiated Contraction
Comparison of length-tension curves (twitch tension, tetanus, and RPP). As shown in
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Discussion
Maximum Twitch Tension
The present study shows that the maximum uncorrected twitch tension of an intact ferret right ventricular papillary muscle, length-clamped at 0.99 L^, and contracting 12 times per minute at 25° C, is about 12 g/mm 2 . After taking into consideration the ratio of cellular-to-total volume, which amounts to 0.6 according to Page, 2 * the maximum corrected twitch tension is about 20 g/mm 2 . This peak developed force compares favorably with the maximal calcium-activated isometric tension of mechanically skinned skeletal muscle fibers, 272 * which have variably been reported to average about 11 g/mm 2 u or 14 g/mm 2 w or to vary between 15 and 20 g/mm 2 . 27 Moreover, since the volume fraction of mitochondria (17-37%) is considerably larger in cardiac* 031 than in skeletal muscle cells (2%), peak cardiac stress, normalized for myofibrillar cross-sectional area, will be in the vicinity of 25-30 g/mm. These tensions are comparable to those observed by Gordon et al in the intact frog skeletal muscle fiber and are very close to the 35 g/mm measured by Ramsey and Street" in the intact single fibers of frog semitendinosus. The overall agreement between the peak stresses of intact length-clamped papillary muscles and intact single skeletal fibers is probably as good as can be reasonably expected from such measurements and calculations, especially considering that the multicellular preparation with its complex cell-to-cell attachments and branchings" cannot achieve the structural arrangement of the more uniform longitudinal striation of the single skeletal fiber. Thus, we suspect that cardiac and skeletal contractile proteins are capable of generating about the same amount of peak force as previously suggested by Brady.
In rat ventricular trabeculae in which central segment sarcomere shortening was prevented 17 and in rabbit papillary muscles in which the sarcolemma was rendered hyperpermeable with EDTA, 3 the peak tensions were remarkably similar to those observed in our study. In contrast, the maximal calcium-activated forces of chemically skinned single rabbit and rat ventricular cells were considerably smaller. 6 In a preparation similar to ours but without length control, the maximum plateau forces evoked by ryanodine-induced tetanization 1213 averaged only half of the peak tensions elicited by the RPP maneuver. Uncontrolled internal shortening at the expense of stretch of the damaged ends 17 "-54 -33 is a likely reason for prominent inhibitory effects.
The findings of this study further illustrate that similar maximum twitch tensions can be achieved using different experimental approaches. Developed force increases steadily and directly with increases in [Ca 2+ ] 0 . Maximum twitch tensions are regularly achieved when [Ca 2+ ] o is raised to 11-14 mM. Similar peak forces are obtained from the frequency-potentiated contractions of the RPP maneuver at 5 mM [Ca 2+ ] 0 . Under conditions of maximal steady-state contractility (L,,^ and 11-14 mM [Ca 2+ ] 0 , further increases in [Ca 2+ ] 0 led to a fall in developed tension. The same declines in peak force also occurred when muscles underwent RPP testing, provided the [Ca 2+ ] 0 is 5 mM or more. Hence, by definition, the muscles exhibited calcium overload . M It has recently been shown that calcium overload is related to a diastolic release of calcium from the sarcoplasmic reticulum into the cytosol. * Such release will diminish the amount of sarcoplasmic reticulum calcium available for release in the ensuing beat(s) or, perhaps, partially inactivate the subsequent calciuminduced calcium release of calcium.
From these considerations, we conclude that increases in [Ca 2+ ] 0 alone can increase developed tension to near maximal levels achievable by ferret papillary muscles. We also conclude that peak cardiac stress per unit cross-sectional area of myofibrils at the point of saturation of twitch force is around 30 g/mm 2 and that this peak force is reliably achieved in one twitch with the RPP maneuver. Because peak forces evoked by RPP are virtually indistinguishable from maximal calcium-activated force of a single skeletal fiber 1428 and because these tensions were usually much larger than the maximal calcium-activated forces of skinned cardiac cells 6 or tetanized papillary muscles, 1213 we also suspect that peak segment-controlled RPP ten-
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Beat-Dependent Decay of Potentiated Contraction
The decay to control from the RPP-induced potentiation is a beat-dependent exponential process. Our results are in accord with those of Morad and Goldman, 37 who used the experimental data of various published accounts 38 " 40 to demonstrate that semilogarithmic plots of the rate of decay versus the beat number closely approximated a straight line. That this decay is exponential indicates that a fixed and constant fraction of the potentiation, termed fraction (x) for convenience, remains with each successive beat. Since the slopes of these straight lines became steeper with decreases in [Ca 2+ ] 0 , we can also infer that the value of (x) becomes smaller when [Ca 2+ ] 0 decreases and, conversely, grows larger when [Ca 2+ ] 0 is increased. Furthermore, since changes in length have no apparent effects on (x), we can further conclude that neither changes in myofilament sensitivity to calcium nor changes in geometry overall affect (x). On the basis of a determination of K in Figure 6 , (x) amounts to 33, 50, and 65% when [ C a ] 0 is 1.25, 2.50, and 5.0 mM, respectively. Therefore, this finding suggests that at 1.25 mM [ C a ] o some two thirds of the total calcium required to activate the myofilaments comes from the extracellular compartment during excitation and that only one third of the activator calcium is released from an internal source, which in our model is the sarcoplasmic reticulum. In contrast, at 5.0 mM [ C a ] o , just the reverse is true. Physiologic assumptions and mathematical derivations to determine (x) are presented in the appendix.
RPP Versus Tetanus Force-Length Relations
Inspection of the normalized RPP force-length curves demonstrates that there is no plateau in the upper 10% of these curves. However, each individual slope was remarkably shallow and almost indistinguishable from the sarcomere length-tension relation obtained by Fabiato and Fabiato 41 in mechanically skinned rat ventricle muscles under conditions of maximal calcium activation. This observation lends further support to our previously expressed view that RPP can evoke the maximum force these muscles can generate. On the other hand, in spite of what appears to be maximal activation and optimal segment-length control, increments in length still increased developed force. Because our myograph eliminates the artifact due to the damaged ends (which is the bulk of series compliance) and because our normalized RPP length-tension curves are similar to the relation between sarcomere-length and active tension during normalized maximal calcium activation of skinned single cardiac cells, we suspect that a variable degree of alignment of myofibrils and other physical factors are largely responsible (just as in the single cell) for the remaining slope in the normalized upper 10% of the length-tension curves of these multicellular preparations.
Steady contractile activation is achieved during the plateau phase of a tetanic contraction. l3 ' 4 -22-23 Caffeine has been widely used to evoke tetany in cardiac muscle. 22 -23 Caffeine depletes the calcium stores of the sarcoplasmic reticulum by inhibiting its calciumuptake mechanism. 4243 This effect, however, is by no means the only action of caffeine. It has been shown that the purine derivative can reduce the transient outward current 43 as well as influence the cellular calcium entry through modulation of the calcium current. 44 Furthermore, it is well established that caffeine enhances myofilament sensitivity to calcium. 45 In our experiments, addition of 5 mM caffeine to the tissue bath always produced a transient initial positive inotropic effect followed by a sustained decrease in force to below the steady-state control level. This observation is similar to that reported by others. It is not altogether clear whether the brief initial positive inotropic response should be ascribed to an immediate transient release of calcium from an internal store 4 * or to an increase in sensitivity of the myofilaments to calcium. 43 On the other hand, it appears that the prolonged decrease in contractility can be largely attributed to a reduction of calcium release into the cytoplasm from the sarcoplasmic reticulum. 42 -43 Recently, it has also been shown that in papillary muscles varying [Ca 2+ ] 0 caused marked changes in the level of tetanic force. 1213 Our study is in accord with these observations since increases in [Ca 2+ ] o from 2.5 to 5.0 mM consistently raised the level of the tetanus plateau tensions. However, while further increases in [Ca 2+ ] 0 beyond 5 mM caused no further increments in tetanic force, presumably because of maximal activation, the amplitudes of the tetanic plateau tension still varied appreciably with changes in length. In other words, at any length between 0.90 and 0.98 L^,, the amplitude of the tetanus plateau was no greater at 8 or 10 mM [Ca 2+ ] 0 than at 5 mM [Ca 2+ ] 0 , although increments in length caused the same amount of increase in tetanic force at all three [Ca 2+ ] 0 .
In the region of optimal myofilament overlap, the normalized tetanus force-length curves exhibited slopes that were considerably steeper than those obtained with the RPP maneuver. Because the tetanus slopes were identical at 5, 8, and 10 mM [Ca 2+ ] 0 , it is unlikely that caffeine reduced sarcolemmal translocation of calcium so as to precisely offset the increments of the transsarcolemmal calcium gradient that occurred when [Ca 2+ ] 0 increased. Taken together, these observations raise the important question of why the slopes of the force-length curves are steeper with tetanus than with RPP. This difference in slope cannot be ascribed to physical factors since it is consistently demonstrable when the same muscles are examined with RPP and tetanus. Furthermore, if one accepts that muscles exposed to 5 mM caffeine and 5 mM [Ca 2+ ] 0 are subjected to maximal activation, then changes in length should not be associated with changes in force resulting from altered myofilament sensitivity to calcium. The observation that further increases in [ C a ] 0 to 8 and even 10 mM had no effect of their own on the slope of the tetanus force-length curves strongly supports this assertion. Thus, other mechanism(s) must be invoked to explain the steeper length-dependent maximal activation of force induced by tetanization with caffeine. By exclusion, we arrived at the suggestion that caffeine may well exert significant downstream inhibitory effect(s), i.e., that caffeine could, in fact, diminish the response of the contractile proteins to a given level of occupancy of the calcium binding sites on troponin C.
Appendix
Excitation-Contraction Coupling Model
1) It is assumed that activator calcium (C) comes from the sarcoplasmic reticulum (SR) and through the sarcolemma (SL), which refers to all sources of transsarcolemmal calcium entry such as the calcium influx through the voltage-dependent slow channels as well as the calcium entry via the membrane potentialdependent Na-Ca exchange.
2) It is assumed that with each beat, the SR and the SL compete for reuptake of calcium. In our model, the disposal of calcium by the SL includes the calcium extrusion via both the Na-Ca exchanger and an ATPaseoperated pump. It is further assumed that under given experimental conditions, reuptake of calcium by the SR will be a constant fraction, x, of the total activator calcium.
3) It is assumed that the SR always releases the same amount of calcium that it took up on the previous beat.
4) It is assumed that the amount of calcium entering through the SL is a constant amount, A, at least for the 6-8 beats following the RPP maneuver, implying that the RPP maneuver per se does not alter the fractional amount of transsarcolemmal flux of calcium during these 6-8 beats. It can be some other constant (and should be) under different conditions.
Mathematical Derivation
5) Let the amount of calcium for the potentiated beat be denoted by C o (C for calcium, 0 for reference beat). For the first beat after the maximal potentiated beat, the amount of calcium from the SR is xC 0 (assumptions 2 and 3), and the amount of calcium entering through the sarcolemma is A (assumption 4). The total activator calcium for this beat, C,, is the sum of these (assumption 1): C, = xC 0 + A For beat 2, C 2 = xC, + A where C 2 is the total amount of activator calcium, xC, of which comes from the SR and A through the SL.
In general, for beat (n+ 1), C n + l = x C , + A
Eventually, a new steady state will be reached in which the amount of activator calcium is essentially the same for every beat. This amount of calcium is denoted by C a . Equation 1 must still be satisfied, so 
This means that one can determine x simply by forming the ratio shown. For any two successive beats, the steady-state force is subtracted and then the ratio of the differences is calculated.
It can also be shown 37 that x, as defined above and using the previous assumption, is related to K ( Figure  6 ), the beat constant for decay, by the equation:
For each decay, with a mathematical approach, several values of x can be directly calculated and thus, by averaging, a reliable estimate of x can be obtained. In contrast, with the graphic approach, only one value of K (1/e) can be obtained; hence, only one value of x can be obtained.
